A wild sample of Ada/ia bipunctata larvae and pupae were collected from Surrey, and F1 virgin adults mated. The sex ratio produced by these pairs was found be be variable, 22 pairs produced a sex ratio consistent with a 1:1 sex ratio, but four produced a strong female bias. Daughters and males from biased broods were mated to adults from non-biased broods of different parentage.
Introduction
Why do different parents produce different sex ratios? Parents usually allocate resources equally to daughters and sons. However, there are exceptions (Karlin & Lessard, 1986) . The evolutionary causes of sex ratio variation may be classified into two types: either as an adaptation with regard to the interests of the parents, or as an adaptation with regard to particular genes within the organism but in conflict with the parental interest (see Charnov, 1982 for review) .
In the first of these classes, we can, for instance, consider parents varying in condition and therefore allocation ability (Trivers & Willard, 1973) , or parents varying with respect to the degree of competition/cooperation between siblings and between siblings and Correspondence: G. D. D. Hurst. 84 parents (Hamilton, 1967; Werren, 1980; Taylor, 1981) .
Secondly, genes which affect the sex ratio that are inherited either on sex chromosomes or through the cytoplasm face different selection pressures with respect to the sex ratio from those on autosomes (Cosmides & Tooby, 1981) . A gene on one of the sex chromosomes that promotes its own inclusion into zygotes when in the heterogametic sex will spread and produce a biased sex ratio. This phenomenon of meiotic drive and concomitant sex ratio effects has recently been thoroughly reviewed (Whyttle et al., 1991) . Its evolutionary consequences have been the subject of recent theoretical research (Frank, 1991; Hurst & Pomiankowski, 1991; Haig & Grafen, 1992) . Cytoplasmic genes only gain transmission through females (Birky, 1978) . They are at an evolutionary dead-end in males (Lewis, 1941; Hamilton, 1967) . As a consequence a cytoplasmic gene with the ability to bias sex allocation towards daughters will spread. The means by which this bias is achieved include male sterility in hermaphroditic plants (Lewis, 1941) , sex ratio biases via feminization (Legrand et at., 1987) , male killing and parthenogenesis (Stouthamer et at., 1990) . In addition, the evolutionary cause of such behaviours is becoming more clear (Frank, 1989; Taylor, 1990; Hurst et at., 1990; . The transmission of cytoplasmic genes solely through the female lineage underlies the evolutionary logic of sex ratio distortion in all these instances. Cytoplasmically inherited genes are known to affect primary sex ratios. A more widely observed distortion of allocation is the phenomenon of male killing by cytoplasmic elements. These have been characterized in diverse taxa including drosopholids (Magni, 1952) , Lepidoptera (Clarke et at., 1983) , Coleoptera (Lanier & Oliver, 1966; Gotoh & Niijima, 1986) , Hemiptera (Leslie, 1984) and mosquitoes (Andreadis & Hall, 1979) . The evolutionary dynamics of this behaviour have been the subject of recent discussion (Uyenoyama & Feldman, 1978; Werren, 1987; , and it is the postulated cause of sex ratio variation in Russian populations of Ada/ia bipunctata L. (the two spot ladybird) (Lus, 1947a) .
In this paper, we demonstrate variation in the sex ratio of progeny produced by individual parents of A. bipunctata from a Surrey population: some pairs produced a 'normal' 1:1 sex ratio, others significantly female-biased ones. We subsequently show femalebiased sex ratios to be consistent with the death of male offspring early in their development and to be caused by a maternally inherited bacterium. This finding is, in itself, unremarkable. The prevalence of cytoplasmic sex ratio distorters in the Coccinellidae is, however, of great interest. The well investigated, tractable ecology of A. bipunctata, and the ease of handling of it and other Coccinellidae in the laboratory, make them highly suitable organisms for testing recent theories concerning the incidences and evolutionary causes of maternally inherited male killing elements.
Variation in the sex ratio between crosses from the Surrey population Method Ada/ia bipunctata larvae and pupae were collected from Juniper Hall field centre, Surrey, during July, 1990 . A stock was set up. This stock was random with respect to any knowledge of sex ratio, but non-random with respect to colour pattern. F1 virgins were isolated and a series of 20 randomly chosen pairs and seven pairs selected with regard to abnormal colour pattern were set up. In addition, one non-virgin female (which had mated with an unknown male) was allowed to produce progeny. The progeny from each of these 28 crosses were scored using morphological correlates of sex, as outlined in Randall et at. (1992) . The efficiency of our sexing was tested by genital dissection, and found to be 98 per cent efficient on a sample of 150 of these progeny.
Results
The sex ratio derived from the above crosses showed a high level of variance, many individuals showing a sex ratio consistent with 1:1, but some showing a strong female bias (Table 1) . Two crosses produced less than 10 progeny and were ignored in analysis. Statistical analysis of the crosses showed the crosses to be heterogeneous with respect to sex ratio (x25=47.93; NS) . Note that although H12 has been placed in the biased group, the low number of progeny produced make it possible that this bias is merely a sampling effect.
Conclusion
Variation in sex ratios exist in Surrey stocks of A.
bipunctata, some pairs produce a female bias, others a 1:1 sex ratio consistent with random segregation of sex chromosomes and survival unbiased with relation to sex.
The mechanism of sex ratio distortion Method
The following classes of cross were performed in an attempt to identify the mode of inheritance of the element.
(i) Daughter from female sex ratio bias cross X son from normal sex ratio cross.
(ii) Daughter from normal sex ratio cross X son from female sex ratio bias cross.
(iii) Female sibling of female used in (ii) x same males used in class (i).
(iv) Daughter from normal sex ratio cross X son from normal sex ratio cross.
Individual females were allowed to mate repeatedly to the same male during the period of egg production.
Where an individual male was used in two different crosses, males were alternated between females on a daily basis. For each cross, clutch sizes and egg hatch rates from each clutch were recorded. Progeny from the crosses were sexed soon after emergence as adults.
Results
The sex ratio trait was shown to be heritable through the female line only. The majority of daughters (8/12) from crosses which produced a sex ratio bias (Class i) also produced a female bias. Some (4/12), however, produced normal sex ratios. All the crosses involving the sons of female-biased sex ratio clutches (Class ii) produced normal sex ratios. Daughters producing a strongly biased sex ratio also showed low egg hatch rates when compared to sisters which produced normal sex ratios and crosses involving brothers ( Fig.   1 ). Regression analysis showed the relationship between the hatch rate and sex ratio observed to be linear (F= 58 .1, P< 0.0001, significant) and close to unity (slope = 0.97). In addition, crosses producing no males had hatch rates half those of crosses in which the sex ratio produced was consistent with 1:1. One cross Fig. 1 ), a daughter from a cross which produced a biased sex ratio (Class i), produced a biased sex ratio with low hatch rates at first, but later reverted to producing clutches with high hatch rates from which normal sex ratios were observed (see Fig. 2 ). This is equivalent to the 'retrogressive' sex ratio found in other coccinellids (Niijima & Nakajima, 1981) . The variance in sex ratio observed after the sixth clutch may be accounted for by the sampling effect of gametes at fertilization in clutches of up to 15 eggs. Other crosses, of types (iii) and (iv) above produced sex ratios consistent with parity ( Fig. 3 ).
Conclusion
The above data strongly imply the presence of a cytoplasmically inherited element that distorts secondary sex ratios by killing males early in embryogenesis. This is said in the knowledge that primary sex ratio distortion, followed by random death with respect to the sex of embryos, is a possible, though theoretically highly unlikely, explanation.
Cytoplasmic elements which contain DNA are of four main types in animals: mitochondria (mutants of which are known to cause male sterility in plants), bacteria (known in many insects to cause sex ratio biases), viruses (associated with spiroplasmas in Droso- ph/la) and protozoa (in mosquitoes). Work on other coccinellids has demonstrated, using a variety of antibiotics, the presence of tetracycline-sensitive male killing elements in two species (Gotoh & Niijima, 1986 ).
Consequently, attempts were made to cure the trait using tetracycline.
Cure of trait Individual female ladybirds from lines which had shown a sex ratio bias were crossed to single males and assayed for the sex ratio condition over a 1-month period. After this time, irrespective of the sex ratio produced, the ladybirds were fed on one of two treatments in addition to their normal aphid diet. One group (A) was fed on a mixture of 100 mg of the anti-
Results
Females which show the sex ratio trait prior to treatment in group A above were cured shortly after commencement of treatment with tetracycline in golden syrup, reverting to normal sex ratios and high hatch rates (Table 2) . Females from group B, which showed the sex ratio trait continued to produce biased sex ratios while fed on golden syrup alone, but all reverted to a normal sex ratio shortly after treatment with tetracycline (Table 3) . Neither treatment had any significant effect on the sex ratio or hatch rates shown by individuals which produced normal sex ratios (Table 4) .
No individuals conceived after tetracycline treatment produced a biased sex ratio in the subsequent generation. Those conceived before treatment, or solely after treatment with golden syrup, produced a similar pattern of inheritance of the trait to that seen in the previous generation (Fig. 4) .
Conclusion
The coccinellid, A. bipunctata, bears an element which distorts sex ratios by killing male progeny during embryogenesis, 'early' male killing (sensu This element is tetracycline-sensitive, treatment with this antibiotic producing a permanent reversion to a 1:1 sex ratio. We therefore consider it highly probably that the element is a bacterium, inherited in the cytoplasm.
Discussion
Most discussions of novel instances of cytoplasmic bacteria have concentrated on hierarchical selection and the reasons for nuclear-cytoplasmic conflict. We shall not reiterate such discussions. Suffice it to say that the discovery that vertically transmitted bacteria kill males in Surrey populations of A. bipunctata reemphasizes the importance of conflicts between (B) was fed on golden syrup without addition for 4 weeks, followed by tetracycline in golden syrup as before. The hatch rates of clutches and sex ratios produced from these clutches were assayed daily throughout this period.
To check whether tetracycline treatment produced a permanent cure, daughter progeny from both groups A and B of known date of conception, i.e. some pre-and some post-treatment, were crossed to unrelated males. These crosses included some group B daughters conceived after golden syrup but before the addition of tetracycline. The progeny produced were assayed for European populations (Lus, 1947a) , and a Staffordshire population (Kearns et al., 1992) . The widespread existence of male killing behaviour in A.
bipunctata raises several interesting questions and may aid in our understanding of others. One obvious question that arises concerns the mechanism by which the bacteria detects the sex of its host so early in embryogenesis. From this, the question as to how male killing is achieved is of interest. However, it is not just the bacterial strategy within males that is of interest. The means by which bacteria proliferate within female zygotes will also bear investigation, to ascertain whether, and, if so, how, vertical transmission efficiency is maximized while minimizing drains on host resources? Virtually nothing is known of the mechanism of early male killing, and research in this field is urgently needed.
We now turn to the contribution that a study of A. bipunctata may make to considerations of the mcidences of and evolutionary logic underlying male kill- The question arises, however, as to how such a transfer could be naturally effected. The failure to culture many of the male killing bacteria in vitro, and the necessity to use tissue culture in Drosophila (Hackett et al., 1986) suggests that these elements may have high elements of specialization to their intracellular environment. We feel that this lack of longevity outside a host suggests that natural interspecific transmission is likely to be either direct or through an intermediary vector rather than contagious. In Drosophila, it has been put forward that P-elements may be tranferred interspecifically via a mite vector (Houck et al., 1991) . Such mechanisms might also transfer male killing spiroplasmas in drosophilids. In coccinellids, however, it seems more likely that the transfer would be direct, via the predation of eggs of one species by another. Such interspecific predation is common in British coccinellids (M. E. N. Majerus, personal observation). If this is indeed a mechanism of transfer, then it would seem likely that intraspecific transfer might also occur during the cannibalistic acts, common in coccinellids (Hawkes, 1920) . The existence of such intraspecific horizontal transmission would subtly alter the dynamics of male killing elements, and would require a third category of male killing behaviour to be considered: early male killing where low levels of horizontal transmission exist.
The study of distorted sex ratios in the Coccinellidae should contribute significantly to our understanding of the diversity of ecological scenarios that promote male killing behaviour. The data so far contained herein indicate that the transmission efficiency of bacteria from mother to adult daughter is around 85 per cent. This figure is broadly similar in the other two inten- (Uyenoyama & Feldman, 1978; . Male killing elements which cause male death early in the life history have been interpreted as being the evolutionary product of kin selection, the death of males increasing the fitness of the bacteria within female siblings of the dead male. The ecological circumstances which favour such behaviour explain the incidence of this behaviour and are discussed below. Male killing late in the life-span, on the other hand, is interpreted not in kin selective terms, but in terms of the cytoplasmically transmitted element, at a dead-end in males, promoting the horizontal transfer of the element in the manner adopted by most pathogens: replication within the host followed by dispersal into the environment. This is known in mosquitoes, where the death of males at the fourth instar allows the release of the parasite into the environment (Andreadis, 1985) . The timing of male death is held to reflect the optimal proliferation time of the parasite within the organism . The early timing of male killing in other cases is a reflection of the removal of competition at the earliest possible moment and therefore the freeing of resources for the longest length of time. No horizontal transmission is required or is envisaged.
Studies of Japanese coccinellids have, however, suggested that horizontal transmission of the male kill-sively studied coccinellids, M. sexmaculatus Nakajima, 1981) and H. axyridis (Ru, 1979) . Loss of the bacteria between parent and offspring can occur at two stages. Firstly, the element may segregate out during gametogenesis within the parent, such that some ova do not contain the element. This would explain the survival of some males in many crosses showing a biased sex ratio. Secondly, the bacteria may be lost after fertilization. Such reversions are most easily seen when they occur in reproductively active adults. Spontaneous reversion to normal sex ratios has been noted in females that initially produced female-biased sex ratios both in our study (the retrogressive sex ratio condition described in the text) as well as in H. axyridis (Hu, 1978) and M. sexmaculatus (Niijima & Nakajima, 1981) .
For the bacteria to be maintained in the population with such imperfect transmission, it is obvious that daughters bearing the bacteria must have a greater fitness (with respect to producing daughters) than females from clutches where all progeny survive.
Females from biased sex ratio crosses must produce approximately 1.25 times as many surviving females as those not bearing it for maintenance of the bacterium at the observed levels in nature (5-10 per cent of wild caught females; G. Hurst, personal observation). The question arises as to the derivation of such a large advantage. Past authors have stressed two main points when considering the evolution of male killing bacteria: the advantage gained by the prevention of inbreeding by females bearing the bacterium, possessing few or no brothers in the population (Hodek, 1973; Werren, 1987; Ebbert, 1991) and the advantage gained through increased resources, either directly, due to the consumption of the soma of male eggs, or indirectly, due to decreased competition for resources suffered by females during early life .
It is the purpose of this paper to encourage a pluristic approach to the ecological factors that give rise to conditions suitable for the evolution of male killing elements, not to put forward individual factors as important above others. Each organism should be treated on its merits. In the case of A. bipunctata, it is certain that profound inbreeding depression frequently occurs on sib-sib mating (Russian populations: Lus, 1 947b; U.K. populations: G. Hurst, personal observation; Western Europe: M. E. N. Majerus, personal observation). However, the level of close inbreeding in the wild appears to be low (G. Hurst, personal observation of hatch rates from wild caught inseminated females). It could not, alone, account for the maintenance of the bacterium in the population, but may contribute to it. It is certain that sibling cannibalism occurs on unhatched eggs in the wild (Hawkes, 1920; Banks, 1956) and that individuals that have cannibalized eggs are larger and have greater longevity (Banks, 1956) . It is uncertain precisely how large a survival advantage this affords, and the advantage will almost certainly depend on variable features such as aphid distributions and densities in the wild. In addition, lowered competition early in life, for females in clutches where male killing has occurred is certainly likely, and at low aphid densities this may also increase the survival of females from such clutches to maturity. The advantages of male killing in A. bipunctata, however, are unlikely to be confined to these factors. Given that, on hatching, cannibalism of more slowly developing eggs of siblings occurs, and in general accounts for the death of 10 per cent of viable eggs, both in laboratory simulations (Banks, 1956 ) and in the wild (G.
Hurst, personal observation), it seems highly likely that the number of females hatching from a clutch where male killing occurs is higher than that from comparable clutches where male killing does not occur. Female eggs hatching late are likely to be protected to a certain extent by a dilution effect (sensu Hamilton, 1971 ). Newly hatched larvae will have a choice of inviable male eggs and viable, late hatching female eggs. Therefore the probability of a viable egg being consumed will be reduced. In addition, as approximately only half the eggs hatch in affected clutches, the level of cannibalism will inevitably be reduced. The advantage to the bacterium may be substantial. This is a novel ecological advantage that may explain the high incidence of male killers within the cannibalistic members of the Cocinellidae.
